The skeletal dysplasias are a clinically and genetically heterogeneous group of conditions affecting the development of the osseous skeleton and fall into the category of rare genetic diseases in which the diagnosis can be difficult for the nonexpert. Two such diseases are pseudoachondroplasia (PSACH) and multiple epiphyseal dysplasia (MED), which result in varying degrees of short stature, joint pain and stiffness and often resulting in early onset osteoarthritis. PSACH and some forms of MED result from mutations in the cartilage oligomeric matrix protein (COMP) gene and to aid the clinical diagnosis and counselling of patients with a suspected diagnosis of PSACH or MED, we developed an efficient and accurate molecular diagnostic service for the COMP gene. In a 36-month period, 100 families were screened for a mutation in COMP and we identified disease-causing mutations in 78% of PSACH families and 36% of MED families. Furthermore, in several of these families, the identification of a disease-causing mutation provided information that was immediately used to direct reproductive decision-making.
Introduction
The osteochondrodysplasias are a clinically and genetically heterogeneous group of conditions affecting the development of the osseous skeleton. Over 200 unique phenotypes have been described and subsequently grouped into 33 distinct diagnostic groups by the International Working group on the Classification of Constitutional Disorders of Bone 1 . Although individually rare, the skeletal dysplasias have an overall birth prevalence of at least 3.9 per 10 000 2 -6 and based on a European population of 375 million, there are at least 150 000 individuals in the EU who have a recognised bone dysplasia. The osteochondrodysplasias fall into the category of rare genetic disease and/or condition in which the diagnosis can be difficult. The clinical diagnosis of a specific skeletal dysplasia usually involves several types of investigation such as family history, physical examination and, most importantly, a comprehensive radiographic evaluation. 7 Arriving at the correct clinical diagnosis is essential because there are a number of complications associated with bone dysplasias. These may be, for example, orthopaedic, 8 neurologic, 8, 9 cardiorespiratory 10, 11 or psychological 12 -14 in nature and are often predictable and either preventable or treatable. 8, 15 Importantly, many complications are diagnosis specific and molecular analysis plays a valuable role not only in establishing a diagnosis and facilitating accurate risk estimation and genetic counselling but also in assisting in clinical management of the condition. 16 Pseudoachondroplasia (PSACH) and multiple epiphyseal dysplasia (MED) belong to the same diagnostic group and comprise a clinical spectrum ranging from mild MED phenotypes to typical severe PSACH. 17 They are characterised by various degrees of disproportionate short stature, lower limb deformities and early onset osteoarthritis. PSACH results exclusively from mutations in the gene encoding cartilage oligomeric matrix protein (COMP), a large pentameric glycoprotein found in cartilage tendon and ligament. The more severe forms of MED are allelic with PSACH and can also result from COMP mutations; however, MED is genetically heterogeneous and milder forms can result from mutations in the genes encoding type IX collagen and matrilin-3. 18 Although diseasespecific molecular diagnostic methods for PSACH and MED have been developed, links from this basic research to applied clinical research are not well established. 19 We therefore established an accurate and efficient molecular diagnostic service for the COMP gene. In a 36-month period (June 2001 -May 2004), 100 families were referred with a suspected diagnosis of PSACH or MED and we identified a COMP mutation in 53 of these families. In seven of these families, the identification of a diseasecausing mutation not only confirmed the clinical diagnosis of a bone dysplasia, but also provided information that has been subsequently used to direct reproductive decisionmaking and allow testing of at-risk family members.
Materials and methods
Genomic DNA was received in Manchester for our ongoing studies as part of the UK Collaborative Study of Genetic Diagnosis for Skeletal Dysplasias and the European Skeletal Dysplasia Network (www.esdn.org). In each case, a diagnosis of PSACH or MED was suspected on the clinical and radiographic presentation of the proband and other affected family members. The University of Manchester Ethical Committee approved this study and informed consent was obtained from all individuals. PCR amplification of exons 8 -19 , including the immediate splice donor and acceptor sites of the COMP gene was performed using exon-specific intronic primers (Table 1) in eight separate PCR amplicons. Briefly, PCR amplifications were performed in a total volume of 40 ml using a custom PCR ReddyMixt master mix (ABgene, UK) containing 0.5 mM of each primer, 1.25 U of Taq polymerase, 67 mM Tris-HCl (pH 8.0 at 251C), 16 mM (NH 4 ) 2 SO 4 , 3.7 mM MgCl 2 , 0.085 mg/ml BSA, 6.7 mM EDTA, 0.75 mM of each dNTP and 50 -100 ng of genomic DNA. PCR thermal cycling consisted of an initial denaturation at 951C for 3 min, followed by 35 cycles of denaturation at 941C for 30 s, annealing (62 -641C depending on the primer annealing temperature) for 30 s, and extension at 721C for 1 min, followed by a final extension at 721C for 5 min. PCR amplification was performed in a Dyad Disciplet thermal cycler (MJ Research r Inc., USA). PCR products were visualised by agarose gel electrophoresis to ensure that amplification had occurred without contamination, then purified using the QuickStept2 PCR purification system (Edge Biosystems, USA). Purified PCR products were used as a template for bidirectional fluorescent DNA sequencing. To facilitate higher throughput mutation screening, genomic DNA dilutions at 100 ng/ml were aliquoted into 96-well plates. Subsequent PCR reactions were set up in 96-well PCR plates (ABgene, UK) using multi-channel pipettes (Anachem, UK). Sequencing reactions were performed with ABI PRISM s BigDyet Terminators v 2.0 Cycle Sequencing Ready Reaction Kit (Applied Biosystems, UK). DNA sequencing reactions were purified by gel filtration using Sephadex s G-50 (Sigma, UK) loaded Multiscreen-HV plates (Millipore, UK), then electrophoresed on either an ABI PRISM s 3100 Genetic Analyzer (Applied Biosystems, UK) or an Applied Biosystems 3730 XL DNA Analyzer (Applied Biosystems, UK). The DNA sequence data generated were compared against a reference sequence to detect variants using the Staden sequence analysis package. 20 All DNA sequence traces were compared with a normal nonaffected control and checked against the published 
Results

Patient referrals
Patients with a suspected diagnosis of PSACH or MED were referred to the National Genetics Reference Laboratory (Manchester) as part of one of two studies; 'Meeting the genetic needs of families with skeletal dysplasias' or 'The European Skeletal Dysplasia Network (ESDN)'. In most cases, the referring diagnosis was made by a clinical geneticist and many of these would not have been an expert in the diagnosis of skeletal dysplasias. Furthermore, our own assessment of the available clinical and radiographic information was not a prerequisite for molecular testing.
Development of an accurate and efficient COMP screening protocol The COMP gene is located on chromosome 19p12 and comprises 19 exons which encode the signal peptide (exon 1), coiled-coil (exons 1 -4), type II repeats (exons 4 -8), type III repeats (exons 8 -15) and C-terminal domain (exons 16 -19) , respectively. 21 . All of the mutations identified to date in PSACH and MED cluster in the type III or C-terminal domains. 18 We therefore established an accurate and efficient COMP mutation screening protocol by employing bidirectional fluorescent DNA sequencing of exons 8 -19 of COMP.
Initially, each exon of COMP (exons 8 -19) was individually amplified by PCR and sequenced as 12 separate amplicons in small panels of patients (usually 6 -8 patients per panel). Oligonucleotide primers were designed to anneal at the same temperature so that different exons could be amplified by PCR in the same thermal cycler (Table 1) . To improve the turn-round time two exons were amplified as a single amplimer (ie exons 8 þ 9, 11 þ 12, 14 þ 15, 18 þ 19); exons 8 -19 of COMP could therefore be amplified and sequenced as eight amplimers. Further improvements included the use of 96-well plates (to amplify different exons for the same panel of patients), in conjunction with multi-channel pipettes for PCR and sequencing and the use of QuickStep 2 PCR-purification system in a 96-well format, which can purify 96 PCRs in one step (to reduce pipetting error and hands-on time). During the course of this study, it was found that panels of 13 patients with the relevant controls samples could be routinely screened (ie 13 patients þ one normal control þ one mutant control þ water control). In total, 16 samples occupied two columns of a 96-well plate and thus in one 96-well plate six PCR amplicons can be analysed for 13 patients.
In all cases, our screening approach consisted of a 'level 1 screen', which involved the analysis of exons 10 and 13, which were believed to contain the majority of COMP mutations, followed by the analysis of the remaining 10 exons if the level 1 screen proved negative. The detection of individuals who were heterozygous for point mutations was aided by the use of the Staden DNA sequence analysis package. 20 Any mutations that we identified were confirmed in a fresh dilution of genomic DNA.
COMP mutational analysis in suspected cases of PSACH or MED During the course of 3 years, affected and unaffected individuals from 100 families with a skeletal dysplasia were referred to Manchester for COMP analysis ( Table 2 ). This cohort of patients comprised those with a suspected diagnosis of PSACH (45 affected individuals in 41 families), MED (81 affected individuals in 58 families) or SEMD (Hall type) 22 (two affected individuals in one family). In this latter family (family 39), the referring clinician requested COMP analysis to rule out a possible diagnosis of PSACH. The majority of families were referred from either the UK (n ¼ 36) or the rest of Europe (n ¼ 60), while two cases were referred from Australia and one each from New Zealand and Singapore. Bidirectional fluorescent DNA sequencing of exons 8 -19 of COMP was initially performed on the DNA of at least one affected individual from each family and when a potential mutation was identified additional family members were analysed when possible. A potential mutation was defined as an in-frame deletion or insertion or an amino-acid substitution, particularly one that affected a conserved residue within the type III or C-terminal domains of COMP. 18 Sequence analysis of at least one affected individual from the 41 families with a referred diagnosis of PSACH identified disease-causing COMP mutations in 32 (78%) of them, while analysis of the 58 families with a referred diagnosis of MED identified disease-causing COMP mutations in 21 (36%) of these families ( Table 2 ). The only previously published report documenting the frequency of COMP mutations in PSACH and MED found that 100% (25/25) of PSACH 23 and 28% (7/25) of MED 24 resulted from COMP mutations. However, this cohort of patients had been preselected following a careful examination of the clinical history and relevant radiographs by the authors (Daniel Cohn, personal communication), which was often not the case with the referrals to our centre. We did not identify a COMP mutation in the single family with SEMD (Hall type) that we analysed, which confirms previous findings. 23 Our inability to detect COMP mutations in 22% of the families referred with a suspected diagnosis of PSACH prompted us to reassess their clinical diagnosis. A clinical history and relevant X-rays were obtained from seven of the nine families, and in six of these families (families 33 -35, 38, 41 and 42 in Table 2 ), a revised diagnosis was suggested, which including spondyloepiphyseal dysplasia congenita (SEDc) and unclassified forms of skeletal dysplasia with radiographic characteristics of spondyloepimetaphyseal dysplasia (SEMD) or spondylometaphyseal dysplasia (SMD). In family 37, a diagnosis of PSACH was thought unlikely but a differential diagnosis could not be suggested, while in family 36 a diagnosis of an unclassified SMD had been suggested on referral, but we were unable to examine the clinical history and radiographs ourselves. This was also the case with the proband in family 40 who was noted to be lacking some features usually associated with PSACH (such as joint laxity), but we were unable to follow this up. Thus, this retrospective analysis of the available clinical and radiographic indicators highlights the difficulty in diagnosing PSACH, the clinical and radiographic overlap that exists between PSACH and various unclassified forms of SEMD and SMD and supports a COMP mutation frequency of nearly 100% (31/32) in clinically confirmed cases of PSACH. Although our detection rate of COMP mutations in MED was higher than previously reported (36% compared to 28%), we, nonetheless, reassessed the clinical diagnosis when possible (only two families in total) and a revised diagnosis was suggested in both cases (families 68 and 69). Furthermore, in four families mutations were identified in the other genes known to cause MED such as DTDST (patient 64) and MATN3 (patients 65 -67).
In addition to the disease-causing mutations, we also identified three single nucleotide polymorphisms (SNPs); these being synonymous (type III SNP), nonsynonymous (type I SNP) and noncoding (type V SNP), respectively ( Table 3) . The relatively few polymorphisms in COMP contrasts with the other genes involved in the skeletal dysplasias, such an SLC26A2 (DTDST) and the collagen types II, IX and XI genes, which are all highly polymorphic. The paucity of polymorphisms in COMP therefore makes it highly likely that any nonsynonymous change identified is likely to be disease-causing, however, care should still be taken when determining if a DNA change is a disease-causing mutation. For example, it was surprising that the type I SNP (N386D) was not diseasecausing because it affects a highly conserved residue and mutations at neighbouring residues (D385N and C387G) have been shown to cause MED and PSACH, respectively.
The identification of a causative mutation in families with PSACH or MED not only confirmed their clinical diagnosis but in seven families provided information that was immediately useful for reproductive decision-making and genetic testing of at-risk family members (Table 4) . These follow-on referrals included presymptomatic and prenatal diagnosis, while one family intended to use the information in conjunction with in vitro fertilisation for preimplantation diagnosis.
Discussion
The correct diagnosis of many skeletal dysplasias is a timeconsuming and complicated process involving the clinical and radiographic evaluation of the proband and other family members. 7 In many cases, the clinical and radiographic findings are used to determine a differential diagnosis prior to a confirmatory molecular test. To improve this procedure, we have established an accurate and efficient molecular diagnostic protocol for COMP gene analysis of patients with PSACH or MED. Over a 3-year period, we screened the COMP gene in 100 families with a suspected diagnosis of PSACH or MED and identified disease-causing COMP mutations in over half of them (53%). Of the 53 COMP mutations identified, 23 (43%) had previously been published (data from Human Gene Mutation Database), 25 whereas 30 mutations (57%) were novel to a single family (44% of PSACH and 76% of MED families, respectively). We identified the recurrent PSACH mutation (p.Asp473 del, often referred to as DD469, in exon 13) in 9/32 (28%) mutations, which agrees with the previously published frequency, 18 while in-frame deletions/insertions on the whole represented 15/32 (47%) of the mutations identified in PSACH, the remaining 53% of mutations being missense mutations. In contrast, only one in-frame deletion (5%) was identified in a patient referred with MED; the remaining mutations were all missense mutations. Furthermore the genomic distribution of mutations also differed between PSACH and MED ( Figure 1 ). While the majority of PSACH mutations were located in exon 13 (50%), only 19% of MED mutations were found in exon 13, whereas the majority (38%) of MED mutations were found in exon 11. This distribution is clearly a reflection of the predominance of in-frame deletions found in PSACH patients. Interestingly, our structured screening strategy meant that a 'level 1 screen' (exons 10 and 13) would on average detect 66% of the COMP mutations found in PSACH patients and 33% of the COMP mutations found in MED patients. Therefore, by modifying our level 1 screen and targeting exons 10, 13 and 14 in PSACH and 10, 11 and 13 in MED, we would in future be able to identify 85 and 71% of COMP mutations in PSACH and MED, respectively. Our higher than expected detection of COMP mutations in MED (36% compared with 28%) may in part be the result of our sensitive screening protocol, which included the use of a DNA sequence analysis package (ie Staden). Alternatively, our referrals were primarily from clinical genetic departments and as such these cases may be representative of the more severe forms of MED and therefore more likely to be caused by COMP mutations.
The fact that six families had already proceeded to use their genetic test result to inform reproductive decisionmaking or facilitate testing for at-risk family members is interesting and shows the clinical utility of genetic testing for these conditions (Table 4 ). In three of these families (families 9, 17 and 25) predictive testing was performed on infants under the age of 9 months, when it is difficult for the nonexpert to detect the radiographic changes that are indicative of PSACH. In all six families, the diagnosis was PSACH, which probably reflects an increased desire to use genetic information to direct future decisions in this clinically more severe condition, rather than an increased detection of mutations in the PSACH patient group.
Previous publications have suggested that PSACH results exclusively from COMP mutations; 18, 23 however in our cohort of PSACH patients we were only able to identify mutations in 78% of them, which highlights the difficulty in arriving at a differential diagnosis and the important role that molecular diagnosis can play in the diagnostic process. Re-evaluation of the clinical and radiographic indicators suggested a revised diagnosis in most of these cases and indeed mutations were subsequently found in other genes in two of those cases. This successful outcome highlights the need for an integrated diagnostic network for rare diseases when the diagnosis is difficult for the nonexpert. Accurate diagnosis in the skeletal dysplasias and the most cost-effective use of mutation analysis requires a multidisciplinary approach, in particular the integration of clinical diagnostic and radiographic skills with the clinical molecular genetics laboratory. The disparate nature of these conditions necessitates an accurate assessment of the available clinical information to target a molecular analysis to the most likely causative gene. The identification of a disease-causing mutation will then provide essential qualitative information for diagnostic, reproductive and genetic counselling purposes. In addition, the development of a clinical genetic testing service for COMP mutation analysis may provide a paradigm for the development of mutation screening services for complex genes. The creation of a screening strategy; refinement of analysis, for example, by screening exon pairs in single amplimers; and the close liaison between clinicians and laboratory scientists to maximise efficiency of mutation detection are consistent with the objectives set out in the recent UK Government White Paper (Our inheritance our future) 34 for the screening of complex genes. Figure 1 Genomic distribution of 53 COMP mutations identified patients with pseudoachondroplasia or multiple epiphyseal dysplasia. Note: exon 13 contains the recurrent PSACH mutation p.Asp473 del (often referred to as DD469).
